This study analyzes compression, convergence, and age-inequality of under-5 mortality patterns in sub-Saharan Africa (SSA). We hypothesize that accelerated reductions in under-5 death rates are associated with substantive changes in the age distribution and variation of deaths. To analyze age variation rather than mean values for under-5 deaths, we adapted indicators of compression, convergence, and inequality that were developed for the total length of life. We constructed conditional life-table death rates for under-5 age children from 31 SSA countries from 1990 to 2017, using retrospective data from the Demographic and Health Surveys for these countries. We used these to identify heterogeneities across countries in the age patterns of mortality, the pace of mortality decline, and convergence. Our results revealed stronger evidence of reduced age-inequality in countries experiencing large or accelerated reductions in average under-5 mortality levels (with annual reduction rates [ARR]≥3.2%), in comparison with those showing stagnant or slower mortality decline (ARR<3.2%). Data quality issues derived from the use of survey data to approximate age patterns of mortality may affect the accuracy of the estimates and represent a limitation of this study.
Introduction
The epidemiological transition from young to old deaths in high-income countries has marked the decline in mortality levels at all ages. Many studies of this transition have focused on senescent mortality and such issues as mortality compression-deaths concentrated at or near some unspecified age-and rectangularization-the idea that anyone surviving to a certain age must then die soon after-at old ages (Fries 1980; Myers and Manton 1984; Wilmoth and Horiuchi 1999; Kannisto 2000) , and the decline in the variance of the age at adult death (Edwards and Tuljapurkar 2005; Schindler et al. 2012) . But a determinative role in the mortality transition was played by the decline of infant and child mortality from exogenous causes (i.e., infections or parasites, accidents) (Fries 1980; Cutler and Meara 2004) . Reductions of child mortality have led to substantial increases in life expectancy at birth (Keyfitz 2005; Cutler and Meara 2004) , and an increasing modal age-at-death (Canudas-Romo 2008) . Over time, the age pattern of under-5 deaths is also expected to shift: as declines in exogenous mortality continue, under-5 mortality should shift towards ages close to birth, but are likely to remain high during the first month of life due to the persistence of endogenous causes of death (i.e., congenital malformations, injuries connected with birth, or chronic degenerative) (Bourgeois-Pichat 1951b , 1951a . We call this phenomenon the 'Early Rectangularization of the Mortality Curve', and this change has been observed in high-income countries.
However, little is known about the age-pattern of under-5 mortality in low-income countries, particularly in sub-Sharan Africa (SSA), the region with the highest under-5 mortality (UN IGME 2017) and home to nearly one fourth of the under-5 population worldwide (UN 2017).
The age-distribution of young deaths has not received much attention in the extensive literature on under-5 mortality trends in SSA and other low-and middle-income countries (Bendavid 2014; Mercer et al. 2015; Burke, Heft-Neal, and Bendavid 2016; Wang et al. 2016; Golding et al. 2017 Golding et al. , 2017 Abajobir et al. 2017; Fadel et al. 2017; Chao et al. 2018 ), but just recently new methodologies have been developed that approximate child mortality patterns by age based on summary (Burstein et al. 2018) or full (Mejía-Guevara et al. 2019 ) birth history data. The importance of the age distribution of under-5 deaths has been underscored by methodological work (Guillot et al. 2012) demonstrating that traditional life table models do not adequately approximate child mortality patterns in SSA, and by the use of age profiles of under-5 mortality to forecast mortality rates (Mejía-Guevara et al. 2019) for the assessment of Sustainable Development Goals (SDGs) in SSA. In addition, between-and within-variation in the length of life is an important indicator of health inequality (Edwards and Tuljapurkar 2005; Raalte, Sasson, and Martikainen 2018) and then analyses of the differences in the age pattern of under-5 mortality across and within countries should reflect health disparities at young ages.
Here we focus on the 'Early Rectangularization of the Mortality Curve' in countries in SSA, investigating age compression, convergence, and inequality in infant and early child mortality.
To do so we adapt to young ages many of the methods used previously in studies of the agedistribution of adult deaths (Fries 1980; Myers and Manton 1984; Kannisto 2000; Wilmoth and Horiuchi 1999; Shkolnikov, Andreev, and Begun 2003; Edwards and Tuljapurkar 2005; Nau and Firebaugh 2012; Engelman, Canudas-Romo, and Agree 2010; Gillespie, Trotter, and Tuljapurkar 2014) . Note that there are important differences in the expected trends of age compression and inequality between adult and child mortality patterns. Compression of adult mortality in middleor high-income countries has been characterized by reductions in the standard deviation of ageat-death, generally followed by increases in the mean age-at-death-except in countries with periods of considerable instability in mortality like those in Central and Eastern Europe (Aburto and van Raalte 2018), whereas for child deaths we expect declines in the mean age accompanied by decreasing variation by age. In addition, as inequality in length of life declines, a higher proportion of the adult population dies at older ages; conversely, declining inequality of under-5 age-at-death should mean that a higher proportion of the under-5 population dies at ages close to birth.
The main objectives here are to: 1) assess the compression of mortality patterns and the 'Early rectangularization' of under-5 deaths in SSA, 2) analyze convergence in the distribution of under-5 mortality patterns, and 3) evaluate age-inequality in children below 5. These analyses highlight the significance of variation and the speed of convergence in age patterns of under-5 mortality as important elements in the acceleration of mortality decline in SSA, and their potential to identify a wide range of epidemiological situations and trajectories.
Results

Compression of under-5 mortality: 'Early rectangularization of the mortality curve'
We show in Figure 1 that, over time, mortality curves by age are becoming more 'rectangular' as mortality rates decline overall but remain high during the first month of life relative to later ages. This pattern is shared by most countries in SSA, but the age-specific speed of change has varied across countries and time. To highlight differences in the evolution of this age-pattern, we examine the youngest ages at which 50%, respectively 75%, of under-5 mortality takes place in a country; we denote these ages respectively by A 50 and A 75 . In Chad and Nigeria, age A 50 only fell by 2 months in about 25 years (between 1990 and 2015) and at this rate would only fall to about 6 months by 2030 in both countries (from 10 to 6 in Chad, and 8 to 5 in Nigeria, Table 1) , whereas age A 75 would only fall moderately to age 22 (from 26 in Chad) or 17 (from 21 in Nigeria) months, ages well over a year (Figure 1) . In contrast, under-5 mortality has fallen more rapidly in Rwanda and the United Republic of Tanzania (Tanzania hereafter): in these countries age A 50 declined 4 months [from 9 (8) to 5 (4) in Rwanda (Tanzania)] in nearly 25 years and at this rate would fall to 1-2 months by 2030, whereas A 75 declined from 25 to 18 (Rwanda) or 21 to 16 (Tanzania) in the past and would fall to about 12 months by 2030, i.e., 75% of the under-5 deaths in Rwanda and Tanzania will be concentrated during the first year of life. Accelerated declines in neonatal (within the first month of life) and infant mortality (during the first 12 months of life) accounted for most of the progress in under-5 mortality reduction in the latter countries (Figure 1) . The ages A 50 and A 75 show similar differences in all SSA countries in our sample ( Table 1) . Finally, it is worth noting that one fourth of the total under-5 deaths (A 25 ) are occurring-in the latest observed year-during the first month of life in all countries (not shown). Table 1 here]
Compression of under-5 mortality: differences across age groups
The results above evidence mortality compression of child deaths towards age zero, but the pace of mortality decline across age groups differed across countries, and slowed down or prevented mortality compression. The age pattern of young deaths can be clearly dissected by comparing deaths in all 5 years after birth, deaths between ages 1 month and 5 years, and deaths between ages 12 months and 5 years. For deaths in these age ranges, we define three conditional mean ages at death: from birth, E [0] , after surviving the first month, E [1] , and after surviving the first 12 months, E [12] (where subscript [x] indicates age x in months). The dispersion of death in the three age ranges is described by corresponding measures of the standard deviation of age-at-death, denoted by S [0] , S [1] , and S [12] . The upper panel of Figure 2 plots time trajectories of the three mean ages at death for Chad, Nigeria, Rwanda, and Tanzania. In Chad, the conditional mean ages E [0] and E [1] decreased slightly over time, but E [12] increased over time, while the corresponding measures of the standard deviation of age-at-death (S [0] , S [1] , and S [12] shown in the lower panel of Figure 2 ) all increased during the same period. By comparison, in Nigeria E [0] declined more rapidly between 1991 and 2013, both E [1] and E [12] decreased at a slower pace; while S [0] increased, S [1] remained flat, and S [12] decreased slightly during the same period. In Rwanda and Tanzania, we observed declines of E [0] , E [1] , and E [12] , accompanied by declines in S [0] , S [1] , and S [12] , with a faster pace in Tanzania. Comparing these measures in both countries, E [0] and S [0] declined fastest, by about 3-4 months in the mean age-at-death and about 1 month in the standard deviation, respectively. These results provide evidence of stalled or expanding mortality in Chad and Nigeria reflected by constant or increasing variation of age-at-death, accompanied by mean changes moving independently by going in different directions depending on the age group. In contrast, in Rwanda and Tanzania the stronger and correlated trend of decreasing E [.] and S [.] evidences early compression in these countries (Figure 2 ).
[Insert Figure 2 here]
Convergence in distribution of under-5 mortality patterns by age
We analyzed changes in the age distribution of under-5 deaths over time, using as a measure the K [0] , with the age-distribution of deaths for Tanzania in 2016 as the reference for all country-years. Our reference age profile of under-5 mortality uses a country with a good record of mortality decline: that met the Millennium Development Goal 4 (MDG- 
Inter-individual inequality in age-at-death
We analyzed conditional age-inequality in Figure 4 representative countries (Chad, Nigeria, Rwanda, and Tanzania), but more rapidly for Rwanda and Tanzania as the gap between L [0] from the initial and latest year periods widened at a higher pace in relation to that observed in Chad and Nigeria. The displacement to the right of L [0] represents a decline equivalent to nearly 9 percent in D [0] for Chad and Nigeria, but between 18 and 21 percent in Rwanda and Tanzania. That is, we found evidence of reduced age-inequality in the four countries, but the speed of decline was twofold or more in Rwanda and Tanzania. These findings are in line with our estimates for S [0] , S [1] , and S [12] in Figure 2 that also provided evidence of reductions in the variance of age-at-death in Rwanda and Tanzania, but with stagnant or increasing variation in Chad and Nigeria.
[Insert Figure 4 here]
Summary of results
We measured the trends in under-5 mortality from the initial to the latest year in each country using the Annual Rate of Reduction (ARR), and classified countries in two groups: countries with ARR below/above 3.2%-the ARR of SSA between 1990 and 2017 (UN IGME 2017)-in our sample were classified in group 1/group 2, respectively ( Table 1) .
We summarized our measures of compression of mortality (A 50 , A 75 , E [0] , E [1] , E [12] , S [0] , S [1] , S [12] ), convergence (K [0] ), and age-inequality (D [0], S [0] , S [1] , S [12] ) for all countries in our sample in Table 1 . We found marked differences in mortality patterns between countries in groups 1 and 2. In countries with ARR above 3.2%, we found substantive evidence of compression, convergence, and reduced age-inequality (e.g., more rapid decline of A 75 , S [0], K [0] , and D [0] ), but less strong evidence in countries with achieved ARR below 3.2% (e.g., less rapid decline of A 75 , (see Methods section below), indicate that had the trends in mortality decline observed in the past would continue, the countries with more rapid declines in the variation and age-at-death inequality would also be more likely to reduce their mortality levels by 2030 ( Table 1) .
Discussion
This study demonstrates that the under-5 mortality transition, currently taking place in sub-Sharan Africa, is characterized by an ongoing concentration of deaths towards age 0 (compression), a change in shape of mortality with age ('early rectangularization', and convergence in distribution), and a gradual reduction in the conditional age-inequality. These changes have not been homogenous, as countries with a faster mortality decline have experienced the most notable advances in compression, convergence, and age-inequality. In addition, we observed a pattern of decline in both the mean and standard deviation of age-atdeath conditional on survival at different ages for countries with more rapid rates of mortality decline (group 2), evidencing compression of mortality towards birth; in contrast, the patterns were less clear for countries in group 1, where the mean and standard deviation were more likely to move independently-in some cases in opposite directions-across time or stagnating, evidencing expansion rather than compression at certain age groups. We find that neonatal mortality accounts for an important share of the variation in the mortality reduction, as it concentrated 25% of the total under-5 deaths during the last observed year for all countries in our sample. Lastly, based on mortality forecasts by 2030 (Mejía-Guevara et al. 2019), our findings highlight the importance of the age distribution, the shape, and differential patterns of decline across ages over time for the acceleration of under-5 mortality reduction in the coming years and for the successful achievement of the SDGs.
We provided evidence of convergence in mean and distribution of mortality patterns in countries with higher rates of child survival. In particular, the convergence in distribution in this set of countries follows a pattern that is becoming increasingly rectangular, having an increasingly flat down and sharp upslope that we refer as the 'early rectangularization' of the under-5 mortality curve, a similar but distinct phenomenon studied previously for older populations (Fries 1980; Wilmoth and Horiuchi 1999; Kannisto 2000) .
We identified salient differences across countries in terms of distribution of deaths by age and time, convergence, and inequality in mortality reduction by age; particularly after stratifying countries on the basis of their achieved ARR between 1990 and 2016. On the one hand, countries with an ARR below 3.2% experienced a slower convergence process both in terms of mean and distribution of age-at-death. Mortality reductions occurred at different rates across under-5 ages, the mean and dispersion of age-at-death remained constant or have increased in most countries, which is in line with results from previous studies (Guillot et al. 2012) , showing unusual high values of 4 q 1 (the probability of children dying between age 1y and 5y) relative to 1 q 0 (the probability of dying during the first year of life) in several countries from SSA, that may be attributable to true epidemiological patterns (e.g., disease environments characterized by high prevalence of infectious diseases-malaria, measles, and diarrhea) rather than to data quality issues as similar patterns have been found in previous studies based on Demographic Surveillance Systems (DSS) data (Jasseh 2003; Guillot et al. 2012 ). On the other hand, our findings revealed substantive evidence of mortality convergence, both in terms of mean and distribution, for countries that have reached higher ARR (≥3.2%), including countries that have met the MDG-4-e.g., Ethiopia, Malawi, Niger, Tanzania, and Rwanda (Moucheraud et al. 2016 ).
Compared to other forms of inequality, age-inequality has been characterized as the most fundamental because it is not conditional upon survivorship and mortality is the ultimate indicator of health (Tuljapurkar 2010; Raalte, Sasson, and Martikainen 2018) . The association of socioeconomic status (SES)-or income-and health/mortality has been of great interest for quite a time, and some hypotheses-absolute-/relative-income and income-inequality hypotheses (Wilkinson 1996 (Wilkinson , 1997 )-have emerged that provided supporting evidence on the positive relationship between the distribution of income and health-although mixed findings have also been reported in different studies (Wilkinson and Pickett 2006) , the shape of that association, and the extent to which higher differentials in the income distribution affect the health of the whole population rather than just disadvantaged groups (Preston 1975 Our study builds on previous research that analyzed inequality in the length of life and convergence of mortality across the whole life span, but that emphasized mortality patterns at adult/old ages (Shkolnikov, Andreev, and Begun 2003; Edwards and Tuljapurkar 2005;  Engelman, Canudas-Romo, and Agree 2010). Using under-5 mortality profiles from narrow-age groups from 31 SSA countries, developed by (Mejía-Guevara et al. 2019) for the forecasting of mortality rates and the assessment of the SDG-3 by 2030, this study is-to our knowledge-the first to explore this kind of mortality patterns to assess compression, convergence and under-5 age-inequality in SSA. We investigated the extent of age-inequality and variation in under-5 mortality, and we found important differences in the patterns of change across countries over time, with a positive association between the rates of mortality change and age-inequality. This evidence aims to inform in the design and scale-up of targeted interventions intended to reduce health inequalities across age groups and for those that most needed.
The scope of this study is limited for several reasons. First, results are based on age profiles constructed using full-life histories from survey data, which are subject to several sources of error; rather than high quality vital registration systems, which are inexistent or deficient in the countries included in our study (Bryce et al. 2016 ). Second, we used different measures of inequality to improve the robustness of our analysis as they differ in their underlying properties and sensitivity to age-specific mortality change (van Raalte and Caswell 2013) . Third, a formal mathematical analysis of compression, convergence, and age-inequality, applied to under-5 mortality profiles, may provide further insights into their limitations, interpretation, and applicability in this context, as well as lead to investigate the theoretical limits of mortality decline in under-5 populations. Fourth, because of the nature of the survey data, we cannot infer causality in the association of the average decline of mortality and age-inequality, and further research should explore the underlying risk factors, social determinants, and true epidemiological patterns behind under-5 mortality change by age in the SSA region and worldwide.
Methods
Data source and retrospective mortality data
We obtained birth history data from 106 nationally representative Demographic and Health Surveys (DHS) from 31 sub-Saharan African (SSA) countries from the period between 1990 and 2017. DHS collects health and demographic information for women in reproductive age (15-49 years old) and their children, using a two-stage stratified cluster sampling design that defines strata by region and by rural-urban within each region. A sampling frame consisting of census enumeration units or tracks or Primary Sampling Units (PSUs) that cover the entire country is used for the random selection of PSUs in the first stage, with probability proportional to sampling size. Clusters correspond to selected or further split PSUs (or blocks). In the second stage, households are selected systematically from a list of previously enumerated households within each selected cluster or block.
Mortality profiles by age were assessed using full birth history (FBH) data available for individual women aged 15 to 49 years in DHS surveys, where the respondent mother is asked about the date of birth of each of her ever-born children, and the age at death if the child has already died (Hill 2013) .
'Conditional' life-table age distribution of under-5 deaths
We used life -table age distributions First, using death reports by households and retrospective information from full birth history (FBH) data from DHS (Hill 2013) , estimates of age-specific death rates m [x] ([x] stands for age in months) were obtained from survey estimates of the number of events and total time to event (Hill 2013) , and used to compute period life-table probabilities of dying, q [x] (probability of dying between month x and month x+1), assuming a uniform distribution of deaths across age. Second, mortality rates by age were adjusted using the most recent estimates of neonatal, infant, and under-5 mortality rates from the Inter-agency Group for Child Mortality Estimation (IGME) (Hill et al. 2012 ; UN IGME 2017) to minimize the risk of measurement errors in direct estimates of under-5 deaths based on FBH [e.g., survivor and truncation bias (Silva 2012; Hill 2013) ].
After the previous adjustment, mortality profiles were smoothed over ages and years by using a two-dimensional P-Spline smoothing and generalized linear model, assuming that the number of deaths at a given rate are Poisson-distributed (Camarda 2012) .
Third, a variant of the Lee-Carter (LC) (Li, Lee, and Tuljapurkar 2004 ) model (LLT), suitable for mortality profiles using datasets that contain multi-year gaps, was used to fit the age mortality profiles after smoothing for each country. The resulting fits were first used to generate smoothed point estimates of age-specific death rates within the 1990-2017 period.
More details about the construction of age profiles, adjustment, fit, and goodness of fit are available elsewhere (Mejía-Guevara et al. 2019).
Mortality compression, convergence in distribution, and age-inequality
) Mortality compression
To measure the degree of mortality compression towards age 0 as evidence of the "early rectangularization" of the under-5 mortality curves for each country across time, we computed the minimum interval where a percentage p of the total under-5 deaths takes place, that we denoted A P . This indicator is equivalent to the C-family of indicators proposed by Kannisto (2000) for assessing compression of mortality, except that the author used it for adult mortality and our indicator always includes the age of 0 (modal age for under-5 deaths)-the age where the higher percentage of under-5 deaths occurs. For instance, while A 50 represents the interval where 50% of under-5 deaths take place, C 50 is the age interval where 50% of deaths in the whole population takes place.
To account for differences across age groups, we assessed compression of mortality using 'conditional' mean-ages-at-death based on survival to age 'x' months (that we denote as [x] along this study) but death by age 5 years; we denote these by E [x] . Thus, E [0] , E [1] , and E [12] respectively represent the 'conditional' mean age-at-death after surviving birth, survival to age 1 month, and survival to age 12 months. We assessed the between-individual inequality of age-atdeath using the 'conditional' standard deviation S [x] that assumes survival to age 'x' and death by age 5 years. We selected this indicator on the basis of theoretical (Shkolnikov, Andreev, and Begun 2003) and empirical (Edwards and Tuljapurkar 2005) findings on measures of lifespan inequality. Formally, we estimated E [x] and S [x] using the following expressions:
where ߱ is the oldest age in the conditional life 
is a density representing the probability that an individual dies at age a [ߤሺܽሻ is the age-specific mortality rate].
) Convergence in distribution
To assess convergence in the age-pattern of mortality we used the Kullback-Leibler distance (hereafter KLD or K [0] ), a relative entropy useful to assess the similarity of a probability density to a reference density (Kullback and Leibler 1951) , and applied to the convergence of mortality in developed countries (Edwards and Tuljapurkar 2005) . Here the reference distribution for each country is the age pattern of mortality observed in Tanzania in 2016 and decreasing values of K [0] imply convergence. To our knowledge, this study is the first to address convergence in distribution of under-5 deaths using narrow age groups. The formal definition of KLD is as follows:
where p(x) and q(x) denote the densities of P (under-5 mortality curve of country i at time t) and
Q (reference under-5 mortality curve: Tanzania in 2016 in this study), respectively.
) Interindividual inequality in age-at-death
To assess age-inequality we build on the work from (Hanada 1983; Shkolnikov, Andreev, and Begun 2003) who introduced the Gini coefficient as a measure of inequality of life table data.
Their work is inspired on the analysis of the Lorenz or concentration curve, the working horse for the study of inequality in economic analysis. We constructed Lorenz curves, denoted as L [0] , following the formulae provided by (Shkolnikov, Andreev, and Begun 2003) that we applied to under-5 mortality patterns defined in a monthly basis. That is, the Lorenz curve is defined as a set of points with horizontal coordinates:
and vertical coordinates:
where ݀ ሾ ௧ ሿ represents the probability of dying at age t month, and ܽ ത the mean age-at-death of individuals dying between the exact ages of a and a+1. The Gini coefficient is defined as the area between the diagonal (45 o line of perfect equality) and the Lorenz curve, formally (Shkolnikov, Andreev, and Begun 2003) : Table 1 List of countries, earliest and latest years, Annual Reduction Rates (ARRs), mortality rates (NMR, IMR, and U5MR), and indicators of mortality compression/convergence/and age-inequality by country and group Note: (1) and (2) stands for corresponding value at earliest and latest year, respectively. Countries were classified in group 1/2 if their ARR of UMR5 was below/above the median ARR of 3.2. 
